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INTRODUCTION
Biofilms form when microorganisms adhere to a surface and synthesize a matrix of extracellular polymeric substances (EPS) that encapsulates cell clusters (Hall-Stoodley, Costerton and Stoodley 2004; Stewart and Franklin 2008) . Biofilms display morphological and metabolic properties that differ from those of planktonic cells, including greater retention of biomass under flow and more diverse metabolic activity (Stewart and Franklin 2008; Culotti and Packman 2014) . Biofilms are especially useful in biotechnology applications such as wastewater treatment because they facilitate retention of high cell densities on surfaces of carrier media. In wastewater treatment systems, biofilm growth in reactors also favors retention of advantageous yet slow-growing bacteria (Lauchnor, Radniecki and Semprini 2011) . Information on biofilm formation and community characteristics is valuable because it can be used to optimize the performance of engineered treatment systems and enhance understanding of similar microbial transformations in natural ecosystems (Stewart and Franklin 2008; Culotti and Packman 2014) .
One of the primary goals in wastewater treatment is to reduce reactive nitrogen (N) loading to receiving water bodies.
High N concentrations from anthropogenic sources such as municipal wastewater can lead to eutrophication and dangerously low oxygen levels in water (Arp, Sayavedra-Soto and Hommes 2002; Sun et al. 2010) . In typical wastewater treatment processes, microbial nitrification is employed to oxidize ammonia to nitrate via the intermediate nitrite:
Ammonia oxidation to nitrite is catalyzed by aerobic autotrophic ammonia-oxidizing bacteria (AOB; Equation 1), usually involving the genera Nitrosomonas or Nitrosospira, followed by the oxidation of nitrite to nitrate by aerobic autotrophic nitriteoxidizing bacteria (NOB; Equation 2) (Arp, Sayavedra-Soto and Hommes 2002; Pynaert et al. 2004; Sun et al. 2010) . For complete reactive N removal, nitrate is then reduced to N 2 gas via microbial denitrification, which is performed by diverse facultative organisms (Paredes et al. 2007; Sun et al. 2010; Lauchnor, Radniecki and Semprini 2011) . Denitrification in conventional wastewater treatment systems involves heterotrophic microorganisms that are active under anoxic conditions in the presence of nitrate (Pynaert et al. 2004; Sun et al. 2010) .
Nitrosomonas europaea is a well-studied species of AOB commonly found in nitrifying wastewater treatment processes (Roh et al. 2009; Lauchnor, Radniecki and Semprini 2011) . Nitrosomonas europaea are obligate chemolithoautotrophs. The maximum specific growth rate of N. europaea is 0.05 h −1 at 25 • C (Tappe, Ritterhaus and Tomaschewski 1996) . Due to their slow growth rates, N. europaea and other AOB are often rate-limiting factors in wastewater treatment processes. They are frequently selected for in nitrifying biofilm reactors, such as moving bed biofilm reactors or trickling filters, since biofilms can often be retained to a greater extent than suspended cells (Almstrand et al. 2013) . Nitrosomonas europaea has been used as a model ammoniaoxidizing bacterium because it is amenable to lab culturing (Arp, Sayavedra-Soto and Hommes 2002; Roh et al. 2009; Lauchnor, Semprini and Wood 2015) . While N. europaea physiology, growth and metabolism have been well studied in planktonic pure cultures and in complex open mixed cultures with both suspended and aggregated biomass (Laanbroek and Gerards 1993; Wahman and Speitel 2015) , surprisingly little research has focused on quantifying and characterizing pure-culture N. europaea biofilms.
Most biofilm studies have focused on individual species (Zhang et al. 2011; Elias and Banin 2012; Van Wey et al. 2012; Lee et al. 2014) . Defined multispecies biofilm studies are important since they highlight how interactions between different types of bacteria affect biofilm structure, morphology and activity (Zhang, Sileika and Packman 2013; Culotti and Packman 2014; Lee et al. 2014; Ren et al. 2014 Ren et al. , 2015 Røder, Sørensen and Burmølle 2016) . The objective of this study was to determine how the presence of a heterotrophic biofilm, typified by Pseudomonas aeruginosa, influences the formation and distribution of N. europaea in biofilms. Here, biofilm formation is considered to encompass both initial attachment to a surface and net growth (biomass accumulation) of organisms in biofilms (O'Toole, Kaplan and Kolter 2000; Rohde et al. 2007; Kostakioti, Hadjifrangiskou and Hultgren 2013) . Pseudomonas aeruginosa was used for co-culture with N. europaea because it is a wellstudied model biofilm-forming bacterium that commonly occurs in water, soil and terrestrial environments, as well as in the gut of larger organisms and in sewage and activated sludge within wastewater treatment systems (Stover et al. 2000; Harmsen et al. 2010) . Pseudomonas aeruginosa is a facultative, heterotrophic species that is capable of performing denitrification (Harmsen et al. 2010; Slekovec et al. 2012) . We used confocal microscopy to observe the development of N. europaea and P. aeruginosa in single-and dual-species biofilms. Measurements of the distribution and biovolume of each organism were used to test the hypothesis that P. aeruginosa enhances the formation of N. europaea in biofilms. This work informs understanding of the factors that facilitate the formation of N. europaea biofilms and retention of N. europaea in mixed autotrophic-heterotrophic biofilms. This information is valuable because it supports the development of more efficient wastewater treatment systems with increased retention of slow-growing AOB.
MATERIALS AND METHODS

Strains and culturing methods
Nitrosomonas europaea is a fastidious and slow-growing ammonia-oxidizing bacterium. Nitrosomonas europaea strain American Type Culture Collection (ATCC) 19718 was grown in 500 mL flasks in an orbital shaker at 30
• C and 100 rpm in the dark in ATCC medium 2265. The formulation of this medium is detailed in Supplementary Material, The pH was monitored weekly using pH strips and adjusted with a stock solution of 60 g/L Na 2 CO 3 weekly to maintain a pH in the range of 7.4-7.8 for optimal N. europaea growth. Cultures were also fed every 2 weeks with ATCC medium 2265. For culturing of Pseudomonas aeruginosa, freezer stock of P. aeruginosa strain PAO1-gfp was spread onto LB agar plates and incubated overnight at 37
• C then moved to a refrigerator. This strain chromosomally expresses green fluorescent protein (GFP). A cell culture was prepared for inoculation into the flow cell system by transferring a sterile loop full of P. aeruginosa plate culture into 3 mL of TSB media (Becton, Dickinson and Co., Sparks, MD, USA). The suspension was incubated in an orbital shaker at 37 • C and 225 rpm for 24 h. The culture was then mixed with a Fisher Scientific Vortex Genie 2, and 200 μL of the resulting dispersed suspension was transferred into 3 mL of TSB media and returned to the incubator. The glass tubes containing liquid culture were placed at a 45 • angle to optimize the amount of surface area that was exposed to air. The P. aeruginosa reached an OD 600 absorbance value of 0.6, indicative of mid-log phase, after about 3 h. Pseudomonas aeruginosa stock cultures were then diluted to OD 600 of 0.1 by adding pure fresh TSB for inoculation into flow cells.
Flow cell system setup and protocol
Flow cell system Biofilm growth was observed in microfluidic flow cells, each with two individual chambers, which were fabricated by the Medical Instruments Department at the University of Iowa Hospital and Clinics. A schematic of this setup is shown in Fig. 1 . Each chamber had interior dimensions of 5 mm wide, 1 mm tall and 35 mm long. The channels were sealed at the top with glass coverslips, which enabled direct non-invasive imaging of biofilm growth. Flow was delivered to the channels with a Gilson MINIPULS3 peristaltic pump via Gilson 0.5 mm inner diameter PVC tubing. Cole Parmer C-Flex tubing with an inner diameter of 0.062 in. and an outer diameter of 0.125 in. connected the media bottles to the pump influent, and also connected the pump effluent to the flow cells and waste bottles. Three-way valves were included upstream of the flow cells to allow for cell inoculation and fluorescent stain injection. The system was sterilized before use by pumping 1% bleach solution through it overnight, followed by washing with 1 L of autoclaved DI water.
Single-species Nitrosomonas europaea flow cell experiments
ATCC medium 2265 (Table S1 , Supporting Information) with 1% TSB added was pumped through the flow cell system at 10 mL/h. For flow cell inoculation, 50 mL of N. europaea suspension culture was centrifuged (10 000 g, 6 min), all but 5 mL of the supernatant was decanted and the cell pellet was resuspended in the remaining solution to achieve an OD 600 of approximately 0.8. The pump was then stopped and 1 mL of this concentrated suspension culture was injected into each flow chamber using 1 mL sterile syringes. Upon inoculation, the flow cells were inverted to facilitate attachment of N. europaea to the flow cell cover glass. After 24 h, the flow of medium was resumed at 10 mL/h. The flow cells were incubated at 30
• C in the dark throughout the duration of the experiments. Confocal images were collected 3 and 5 days after N. europaea inoculation. Nitrosomonas europaea single-species biofilm experiments were replicated 10× for day 3 and 5× for day 5 after N. europaea inoculation.
Single-species Pseudomonas aeruginosa flow cell experiments
To initiate single-species P. aeruginosa biofilm experiments, flow was turned off and 1 mL of diluted P. aeruginosa suspension (OD 600 = 0.1, 1% TSB background solution) was injected into each flow cell chamber through the upstream valves using 1 mL sterile syringes. The flow cells were inverted to allow P. aeruginosa to attach to the coverslip for 2 h, after which a 1% TSB solution was pumped through the flow cells at a rate of 10 mL/h. Confocal imaging was performed on the day of inoculation, as well as on days 4, 6 and 8. Pseudomonas aeruginosa single-species experiments were performed in triplicate.
Dual-species Nitrosomonas europaea and Pseudomonas aeruginosa flow cell experiments
For dual-species biofilm flow cell experiments, P. aeruginosa was inoculated into the system first using the same methods described in the P. aeruginosa single-species experiments. Pseudomonas aeruginosa single-species biofilm growth proceeded for 3 days to allow for establishment of a mature heterotrophic base layer. Nitrosomonas europaea was then inoculated into the system on the fourth day of P. aeruginosa growth using the same methods described in the N. europaea single-species flow cell experimental protocol. The growth medium used in the dual-species flow cell system was ATCC medium 2265 with 1% TSB, which supplied growth needs for both N. europaea and P. aeruginosa. After N. europaea inoculation, each flow cell was inverted and stagnant for 24 h to facilitate establishment of N. europaea in the biofilm. Flow of the medium was then resumed at 10 mL/h. The flow cells were incubated in the dark at 30
Confocal imaging was performed on days 3 and 5 after N. europaea inoculation, equivalent to days 6 and 8 of P. aeruginosa growth. The experimental timeline starting from the P. aeruginosa inoculation was 8 days in total, including 3 days for preestablishment of the P. aeruginosa biofilm prior to N. europaea inoculation, and 5 days of dual-species growth. For the dualspecies biofilms, eight independent replicate experiments were employed for imaging and quantitative image analysis on day 3 after N. europaea inoculation, and six replicates were used for imaging and analyses on day 5 after N. europaea inoculation.
Nitrosomonas europaea attachment experiments
The attachment efficiency of N. europaea to the flow cell substratum was also measured for comparison with N. europaea retention in the P. aeruginosa biofilm. Culturing and inoculation procedures were identical to those used in N. europaea single-species biofilm experiments. After inoculation, the flow cells were inverted for 24 h without flow to allow N. europaea cells to settle onto the cover slip. The flow cells were then inverted again (to the normal position of cover slip upward) and the retained N. europaea cells were imaged on the cover slip. Following imaging, the flow was initiated at 10 mL/h and maintained at a constant rate for 20 min, after which retained N. europaea was re-imaged. Nitrosomonas europaea attachment efficiency was calculated as the fraction of deposited cells (imaged at 24 h) that remained attached to the surface after 20 min of flow. Nitrosomonas europaea attachment experiments were replicated 4×.
Imaging and image analysis procedures
Image acquisition
In order to monitor the growth and structural characteristics of biofilms in the flow cells, 3D image stacks were collected using confocal laser scanning microscopy with a 63× objective (Leica SP-5, Wetzlar, Germany). Nitrosomonas europaea single-species biofilms were imaged by staining with SYTO-9 (detection wavelength 500-535 nm, excitation wavelength 488 nm), a general nucleic acid stain. In P. aeruginosa single-species experiments as well as in P. aeruginosa and N. europaea dual-species experiments, P. aeruginosa was visualized via chromosomally expressed GFP (detection wavelength 500-535 nm, excitation wavelength 488 nm). Total cellular biovolume in multispecies biofilms was determined via counterstaining with the general nucleic acid stain SYTO-62 (detection wavelength 650-725 nm, excitation wavelength 633 nm). Nitrosomonas europaea biovolume in multispecies biofilms was then determined as the difference between the SYTO-62 and GFP signals. SYTO stains were injected into flow cells using methods described previously, retained under stagnant conditions for 20 min and then flushed by pumping stain-free medium for 10 min. Images were acquired with a 63× oil immersion lens. Z-stacks of horizontal images were collected with a vertical step of 1 μm, a scanning speed of 400 Hz and line averaging of 2 (i.e., each recorded image represents the average of two replicate measurements). Biofilms were imaged at three to four different locations in each flow cell chamber. Images of N. europaea attachment were collected at the glass coverslip using an epifluorescence microscope in differential interference contrast mode with a 63× objective (Leica DM5500B, Wetzlar, Germany) at three locations in each flow cell chamber.
Image processing and analysis
Biofilm biovolume calculations and 3D image renderings were generated using Volocity 5.5 (PerkinElmer) with thresholding based on intensity. Biofilm biovolume was measured in three to four individual fields of view and then averaged. Statistical analyses including variance, Welch t-tests and Wilcox tests were performed using R software, version i386 3.1.2. T-tests were performed to compare N. europaea biovolume in single-and dual-species biofilms 3 and 5 days after N. europaea inoculation. Vertical population distributions were determined in Matlab by resizing image stacks to a cubic voxel size of 1 μm 3 , segmenting into binary images using the Otsu thresholding method (Otsu 1975) , and converting to binary 3D matrices. For each image stack, a pair of binary images was generated: one for the gfp signal generated by P. aeruginosa and the second for the SYTO-62 counterstain signal. The N. europaea biovolume fraction was calculated by subtracting the gfp signal from the SYTO-62 signal. The fraction of each population in each horizontal image was calculated by normalizing the pixel count for each population by the total pixel count for bacteria (from the SYTO counterstain). Ability of this method to identify N. europaea in dual-species biofilms was confirmed by means of fluorescent in-situ hybridization (FISH) targeting ammonium oxidizing bacteria (AOB mix, Cy3 fluorophore) and total bacteria (EUB mix, 6-FAM fluorophore) (Hesselsøe, Brandt, Sørensen 2001). FISH analysis of N. europaea-P. aeruginosa-gfp biofilms confirmed that SYTO-62 counterstaining quantitatively tracks N. europaea biovolume in this system (Supplementary Material). To restrict the analysis of vertical population distribution to biomass clusters, 3D objects smaller than 100 μm 3 were removed from the binary matrices prior to computation of the binary pixel count. This procedure excluded isolated signals scattered in regions between biofilm clusters, which represent either imaging noise or inactive cells on the surface. Proximity distributions of N. europaea to P. aeruginosa were computed in Matlab using an approach adapted from the calculations of diffusion distances (Lewandowski and Beyenal 2013) . 3D Euclidean distance algorithms were computed for each P. aeruginosa binary 3D matrix using the Matlab command 'bwdist' (Maurer, Rensheng and Vijay 2003) . The resulting Euclidean distance map describes the shortest distance from each location in the 3D matrix to a voxel occupied by P. aeruginosa. Next, each voxel in the N. europaea binary 3D matrix is assigned the Euclidean distance corresponding to its location in the P. aeruginosa Euclidean distance map. The resulting set represents the distance distribution of each N. europaea voxel to its nearest P. aeruginosa neighbor.
RESULTS
Nitrosomonas europaea biofilm formation was significantly greater in co-culture with Pseudomonas aeruginosa than in pure culture. Representative images of the dual-species N. europaea and P. aeruginosa biofilms 3 days after N. europaea injection are shown in Fig. 2 . Five-day results are shown in Fig. S2 (Supplementary Material, Supporting Information). Representative images of 3-day-old N. europaea single-species biofilms are shown in Fig. 3 , and 5-day images are shown in Fig. S3 (Supplementary Material, Supporting Information). Biovolume results are normalized to the field of view, and thus are reported in units of μm 3 /μm 2 . Nitrosomonas europaea had significantly greater biovolume than P. aeruginosa in the dual-species biofilms both 3 and 5 days after N. europaea injection. Average biovolumes of both species decreased between days 3 and 5. Average N. europaea biovolume was much lower in single-species biofilms than in the dual-species biofilms. On day 3 after N. europaea injection, there was significantly greater N. europaea biovolume in the dual-species biofilms than in the single-species biofilms (Welch t-test, P = 1.80E-07, t = 7.22, DOF = 24.06). This was also the case for day 5 after N. europaea introduction (Welch t-test, P = 7.74E-05, t = 4.74, DOF = 24.41). Vertical distributions of the two species are presented in Fig. 2d and Fig. S2d (Supporting Information). These profiles show that P. aeruginosa dominated the uppermost layer of the dual-species biofilms, while N. europaea was a dominant fraction of the population in the middle and lower regions of the biofilm for these fields of view. Biomass accumulation and spatial patterns of N. europaea were both clearly different in single-species and dual-species biofilms. Nitrosomonas europaea single-species biofilms were evenly dispersed across the surface at low cell density ( Fig. 3a and b for day 3, Fig. S3a and b, Supporting Information, for day 5), and maintained a constant biovolume of 0.18 μm 3 /μm 2 between days 3 and 5. Nitrosomonas europaea developed much greater biovolume in co-culture with P. aeruginosa. In dual-species biofilms, N. europaea biovolume was 2.78 μm 3 /μm 2 and 1.09 μm 3 /μm 2 at 3 and 5 days after inoculation, respectively, compared to 0.18 μm 3 /μm 2 on both days 3 and 5 when cultured alone (Fig. 4) .
The net decrease in N. europaea biovolume between days 3 and 5 in the dual-species biofilms is attributed to biofilm sloughing or flow-induced erosion from the substratum, which commonly occurs as biofilms mature under flow (Picioreanu, Van Loosdrecht and Heijnen 2001; Zhang et al. 2011; Zhang, Sileika and Packman 2013) . This also applies to P. aeruginosa, which develops only slightly greater biovolume in single-species biofilms between day 3 and day 5 due to the net effects of growth and detachment. Timing of inoculation of P. aeruginosa and N. europaea was also shown to influence biofilm composition. When P. aeruginosa and N. europaea were inoculated on the same day, as described in the Supplementary Material, N. europaea made up a smaller fraction of total biovolume in the dual-species biofilms compared to when P. aeruginosa is given 3 days to mature prior to N. europaea inoculation. Furthermore, in dual-species biofilms, N. europaea biovolume had much higher spatial variability (higher statistical variance between images) than in the single-species N. europaea biofilms. The high variance derives from the clustered morphology of the dual-species biofilms. In contrast, single-species N. europaea biofilms displayed low variance in biovolume due to the more uniform distribution of cells across the attachment surface. For the dual-species biofilms, the variance in N. europaea biovolume was 3.24 μm 2 on day 3 and 0.92 μm 2 on day 5. Conversely, in the N. europaea single-species biofilm, variance in N. europaea biovolume was consistently low (0.007 μm 2 on day 3 and 0.006 μm 2 on day 5). While co-culture with P. aeruginosa significantly enhanced the development of N. europaea in the dual-species biofilm, P. aeruginosa biovolume and distribution did not significantly change after N. europaea was introduced. Figure S4 fourth day of growth (the time at which N. europaea was injected in dual-species biofilm experiments). Six-and eight-day old single-species P. aeruginosa biofilms also exhibited cluster formations very similar to those observed in the dual-species biofilms at equivalent times. The P. aeruginosa biofilm biovolume was not significantly different in pure culture and coculture. In dual and single-species biofilms, respectively, the P. aeruginosa biovolume was 0.61 ± 0.12 μm 3 / μm 2 and 0.46 ± 0.14 μm 3 /μm 2 for day 3 (Welch t-test, P = 1.24E-03, t = 3.65, DOF = 24.54), and 0.50 ± 0.20 μm 3 /μm 2 and 0.53 ± 0.07 μm 3 /μm 2 for day 5 (Welch t-test, P = 8.34E-05, t = 4.64, DOF = 26.67). Pseudomonas aeruginosa biofilm variance was also found to be similar in dual-species and single-species cultures: 0.349 μm 2 and 0.139 μm 2 on days 3 and 5 of dual-species growth, respectively, compared with 0.178 μm 2 and 0.371 μm 2 at equivalent times of single-species growth.
Nitrosomonas europaea and P. aeruginosa were closely associated in the dual-species biofilm. As shown in Fig. 5 and Fig.  S5 (Supporting Information), the majority (80.8% for day 3 and 79.3% for day 5) of N. europaea biomass was located within 5 μm of a P. aeruginosa-containing voxel, and 92.8% (day 3) and 92.2% (day 5) of the N. europaea biomass was located within 10 μm of P. aeruginosa. This quantitative analysis is consistent with visual observations (Fig. 2 and Fig. S2, Supporting Information) , which show N. europaea in close association with pre-existing P. aeruginosa colonies and only a minimal fraction of N. europaea occurring outside of clusters. This suggests that N. europaea grew in clusters with P. aeruginosa more readily than on the glass substratum. 89.6% of the total N. europaea biovolume in dual-species biofilms existed in clusters with biovolumes of at least 100 μm 3 and only 10.4% of N. europaea occurred in smaller clusters. Conversely, in the single-species culture, the N. europaea cells distributed sparsely over the surface and only 18.9% of N. europaea cells occurred in clusters of at least 100 μm 3 .
Results of the N. europaea attachment experiment show that there was significant attachment of N. europaea cells to the substratum. A majority (64.5%) of the cells that deposited on the surface remained attached after 20 min of flow. However, this attachment did not yield robust biofilm formation in monoculture, contrary to the observation of substantial N. europaea growth in dual-species biofilms with P. aeruginosa. Thus, differences in attachment efficiency alone do not explain the observed differences in biofilm formation between single-and dual-species N. europaea biofilms.
DISCUSSION
Here, we showed that the ammonia-oxidizing bacterium Nitrosomonas europaea accumulated over 15-fold greater biofilm biovolume after 3 days of co-culture with Pseudomonas aeruginosa, and over 6-fold greater biovolume after 5 days of dualspecies growth, compared with monoculture. We also showed that growth in co-culture favored accumulation of N. europaea in large biofilm clusters. When N. europaea was grown as a singlespecies biofilm, it only developed thin dispersed layers of cells. In contrast, when N. europaea was added to pre-existing P. aeruginosa biofilms, it associated closely with P. aeruginosa in dualspecies clusters, and only a small fraction of N. europaea occurred outside of these clusters. These findings demonstrate that N. europaea biofilm formation is enhanced by the presence of a pre-established P. aeruginosa biofilm, and suggest that close associations between N. europaea and P. aeruginosa are important to the enhanced retention of N. europaea in biofilms. Biofilms generally enhance the deposition and retention of planktonic cells, as both the enhanced surface roughness and EPS composition facilitate capture of cells from suspension (Searcy et al. 2006; Wu et al. 2012; Janjaroen et al. 2013) . Further, the cluster morphology observed in dual-species biofilms is advantageous as it facilitates access to substrates and nutrients, as well as efflux of waste product from the biofilm (TolkerNielsen and Molin 2000) . Heterogeneous structures with microcolonies have been observed in previous studies of both Pseudomonas and Nitrosomonas in mixed-culture biofilms, with close association of different species in mixed clusters facilitating commensal metabolic activity (Schramm et al. 1996; Nielsen et al. 2000; Tolker-Nielsen and Molin 2000) .
There are several potential explanations for the enhanced N. europaea growth in dual-species biofilms. Autotrophic nitrifying bacteria such as N. europaea typically exhibit slow growth and biofilm development, and previous work on complex mixed cultures has suggested that overall biofilm formation is enhanced by the presence of heterotrophic species (Furumai and Rittmann 1994; Tsuneda et al. 2001; Xu et al. 2015) . Differences in EPS matrix production by heterotrophic and autotrophic organisms are thought to play an important role in this enhanced retention. Heterotrophic biofilms produce larger amounts of EPS than autotrophic biofilms (Xu et al. 2015) . Pseudomonas aeruginosa produces three distinct polysaccharides that influence biofilm formation, chemical stress resilience and structural characteristics in single-and mixed-species communities (Colvin et al. 2012; Jennings et al. 2015; Periasamy et al. 2015) . EPS surrogates also have been shown to enhance aggregation of N. europaea cells (Tsuneda et al. 2001) , suggesting that the enhanced N. europaea biovolume in dual-species biofilms observed here could result from the enhanced retention of N. europaea cells in EPS secreted by P. aeruginosa.
The N. europaea retention observed here also appears to have been facilitated by overgrowth of P. aeruginosa in the biofilm canopy. Heterotrophs commonly form the uppermost layer of a multispecies biofilm, retaining and protecting nitrifying bacteria located in lower layers of the biofilm (Furumai and Rittmann 1994) . Here we found that N. europaea was consistently located deeper within dual-species biofilms, while the uppermost biofilm canopy was often a mix of the two species and dominated by P. aeruginosa in many regions of the biofilm. However, we did not directly image EPS as there is not a good general EPS-binding stain, and prior studies have found that only some components of the P. aeruginosa EPS matrix can be reliably imaged (Ryder, Byrd and Wozniak 2007; Colvin et al. 2012; Jennings et al. 2015) . Therefore, future work should investigate the role of specific heterotrophic EPS components on the formation of multispecies biofilms and retention of autotrophic organisms.
Interactions between biological and environmental factors that influence biofilm formation are still not thoroughly understood (Zhang et al. 2011) . Previous work has shown that structural characteristics of multispecies biofilms differ from those formed by each individual component species, and biofilm development and morphology are influenced by interactions between species Kara et al. 2007; Zhang, Sileika, Packman 2013; Culotti and Packman 2014; Lee et al. 2014) . Intraspecies and interspecies cell-to-cell communication, such as quorum sensing, can contribute to enhanced formation of multispecies biofilms, leading to aggregate community advantages such as metabolic cooperativity and altered EPS composition that favors retention of cells (Elias and Banin 2012) . Both N. europaea and P. aeruginosa are known to produce several types of signaling molecules associated with quorum sensing (Burton et al. 2005; De Kievit 2009; Shrout and Nerenberg 2012; Schuster et al. 2013; Papenfort and Bassler 2016) . Previous studies have shown that quorum sensing is most effective at short distances (Gantner et al. 2006; Elias and Banin 2012) . The observation here that the vast majority of N. europaea and P. aeruginosa was co-located within 5 μm supports the idea that the behavior of these two organisms is tightly linked.
Further, since P. aeruginosa is capable of denitrification Ju 2003, 2006) and N. europaea performs nitrification, an additional explanation for the close association of the two species in biofilm clusters is that their nitrogen metabolisms are syntrophic. Syntrophic metabolism of nitrogen is important in traditional activated sludge wastewater systems as well as in newly emerging treatment processes. Previous studies involving both simulations and observations of dual-species biofilms have shown that metabolic cooperation and interdependence lead to mutualism and interspecies mixing (Estrela and Brown 2013; Momeni et al. 2013) , similar to the close association of N. europaea and P. aeruginosa observed here within dual-species biofilm clusters. These results also support the conclusion that enhanced growth, as well as enhanced deposition and retention of planktonic cells, facilitate the accumulation of N. europaea in the dual-species biofilm. There is still much to be learned about cooperative metabolism in mixed-species biofilms as drivers of structural development, and future efforts could further explore specific mechanisms of syntrophic metabolism and other interspecies interactions between P. aeruginosa and N. europaea in dual-species biofilms.
The results of this study are significant because they provide direct evidence with a defined synthetic community that combining AOB with heterotrophic bacteria can promote retention and growth of slow-growing AOB in biofilms. Specifically, the results presented here demonstrate that the presence of heterotrophic P. aeruginosa enhances attachment and biofilm formation by the slow-growing nitrifying species N. europaea. AOB such as N. europaea are essential and often rate-limiting in nitrifying water pollution control bioreactors. Enhanced understanding of interspecies biofilm interactions that improve retention and functional performance of species involved in nitrogen metabolism can benefit both traditional and newly emerging wastewater treatment technologies (Cowan et al. 2000; Uemoto and Saiki 2000) . Enhancing conditions to jointly select for both AOB and heterotrophs could be highly advantageous for initial biofilm formation (startup) as well as maintenance of biofilm integrity in wastewater treatment systems. Examples of biofilm systems that might leverage strategies identified here include nitrifying, nitrifying/denitrifying and nitritation/ anammox biofilm reactors. Common process variations include trickling filters, biological aerated filters and moving bed biofilm reactors. Such systems typically receive at least small amounts of organic matter Chemical Oxygen Demand (COD) that select for substantial heterotroph enrichment; when nitrogen transformations are combined with COD removal as a process goal, heterotrophs form the large majority of the microbial community (Lydmark et al. 2006; Germain et al. 2007; Wells et al. 2014) . The results presented here suggest that maintaining a baseline level of heterotrophic bacteria will help AOB effectively colonize bioreactor surfaces. Controlling bioreactor conditions to favor AOB retention could further increase efficiency of nitrogen removal, particularly in systems that incorporate biofilmbased strategies for reducing nutrient loads. To translate the results presented here into practice for wastewater treatment, further studies should examine how EPS adhesion, biofilm structural properties and internal syntrophy influence AOB retention in the diverse biofilm communities found in wastewater treatment systems. Such work can inform optimal species enrichment and operational controls that select for desirable ratios of heterotrophic and autotrophic functional groups in bioreactors.
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